Introduction {#s0001}
============

Cisplatin, a traditional chemotherapeutic drug, has been widely applied in treating human solid malignancies, including nasopharyngeal, oesophageal, and lung carcinoma, ovarian cancer, and glioma (Rocha et al. [@CIT0017]; Gong et al. [@CIT0008]; Okamoto et al. [@CIT0014]). Cisplatin can interact with DNA and activate apoptotic signalling transduction, which is also negatively regulated by prosurvival factors, such as Bcl-2 family members, PI3K/Akt, and various drug efflux pumps (e.g., ABCB1, also named P-gp or MDR1) (Wijdeven et al. [@CIT0022]; Lipinska et al. [@CIT0010]). Considering the development of drug resistance, patients have to receive high doses of cisplatin, thereby leading to undesirable side effects (Sprauten et al. [@CIT0019]). Chemo-sensitization is also an effective strategy to overcome drug resistance and reduce adverse effects (Cao et al. [@CIT0003]; Zhang et al. [@CIT0025]; Gong et al. [@CIT0008]). Thus, the development of novel chemosensitizers to enhance the anticancer efficacy of cisplatin-based therapy is important in clinical cancer treatment.

Borneol (C~10~H~18~O) is a bicyclic monoterpene extracted from the resin and volatile oil of dipterocarp (Wu et al. [@CIT0023]). Borneol has been broadly applied in food and drug industry and is available as synthetic (SB) and natural borneol (NB) (Qi et al. [@CIT0016]; Wu et al. [@CIT0023]). Considering the mucosa stimulus and hepatotoxicity of SB, NB has more potential for further commercial applications. NB effectively improves the permeability of drugs by regulating intestinal mucous or blood--brain barrier (Cai et al. [@CIT0002]; Duan et al. [@CIT0007]; Xing et al. [@CIT0024]). NB can also enhance the efficacy of chemo-drugs against various cancer cell lines by increasing the intracellular drug accumulation and modulating ROS-mediated DNA damage with the involvement of MAPKs activation and Akt inactivation (Chen, Li Su, and Chen [@CIT0004]; Chen, Li, Su, Li, et al. [@CIT0006]; Liu et al. [@CIT0011]; Meng et al. [@CIT0013]). The action of NB in chemo-sensitization is constantly being confirmed. Nevertheless, data on the synergistic effects of NB and cisplatin in human glioma treatment are limited. Therefore, the present study aims to verify whether NB plays a role in cisplatin-induced glioma cell apoptosis. The underlying mechanisms were also illuminated by the detection of ROS generation and related protein expressions.

Materials and methods {#s0002}
=====================

Reagents {#s0003}
--------

NB (purity, 99%) was obtained from Guangzhou New BenFu Technology (Guangzhou, China). Bicinchoninic acid (BCA) kit was purchased from Beyotime Biotechnology (Shanghai, China). Dulbecco's modified Eagle's medium (DMEM), foetal bovine serum (FBS) and penicillin-streptomycin were purchased from Gibco (Shanghai, China). Cisplatin, thiazolyl blue tetrazolium bromide (MTT), propidium iodide (PI), glutathione (GSH) and 2′,7′-dichlorofluorescein diacetate (DCFH-DA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The specific inhibitors of MAPKs (i.e., SP600125, SB203580, and U0126) and PI3K (i.e., LY294002) and all the antibodies were purchased from Cell Signalling Technology Inc (Beverly, MA, USA).

Cell culture {#s0004}
------------

Human U87 and U251 glioma cells and HUVECs human umbilical vein endothelial cells were obtained from American Type Culture Collection (Manassas, VA). U87 and U251 cells were cultured in DMEM medium supplemented with 10% of FBS, 100 units/mL of penicillin and 50 units/mL of streptomycin. HUVECs were maintained in endothelial cell growth medium supplemented with foetal bovine serum (10%), penicillin (100 units/mL), and streptomycin (50 units/mL). All these cells were stored in a humidified incubator with 5% CO~2~ atmosphere at 37 °C.

Drug treatment and cell viability detection {#s0005}
-------------------------------------------

The U87 and U251 cells (6 × 10^3^ cells/well) cultured in 96-well plate were exposed to 2.5--80 μg/mL cisplatin and/or 5--80 μg/mL NB for 48 h. After treatment, cell viability was determined by MTT assay. Briefly, cells were incubated on the basis of the prescribed NB and cisplatin concentrations in 96-well plates. Then, MTT (20 μL, 5 mg/mL) was added and incubated for 5 h. The medium in wells was removed, and then 150 μL of DMSO was added into per well to dissolve the formazan salt formed. The colour intensity of the formazan solution was detected at 570 nm with a microplate reader (VERSA max).

Cell cycle distribution and apoptosis detection {#s0006}
-----------------------------------------------

The effects of NB and/or cisplatin on apoptosis and cell cycle distribution were quantified by flow cytometric analysis. Briefly, cells after treatment were harvested and fixed with 70% ethanol overnight. After the incubation with PI for 3 h in dark, the stained cells were determined by flow cytometery and analysed using MultiCycle software. Hypodiploid DNA content (Sub-G1) was employed to quantify the apoptotic cells. 10000 cells per sample were examined.

Intracellular ROS generation {#s0007}
----------------------------

The detection of ROS generation was conducted by measuring and visualising an oxidation-sensitive fluorescein DCFH-DA. The untreated cells were harvested, washed with PBS two times, and treated with DCFH-DA (10 μM, 37 °C) for 30 min. Then cells were treated with NB and/or cisplatin for 6 h. After the treatment, ROS generation was examined by a microplate reader and a fluorescence microscope (488 nm, 525 nm). Data were expressed as % of control.

Western blotting {#s0008}
----------------

The treated U251 cells were washed with PBS and then incubated with cell lysis buffer overnight at −20 °C. Protein electrophoresis and blotting were performed as described in our previous methods (Cao et al. [@CIT0003]). Briefly, SDS-PAGE was done in 12% Tricine gels loading 30 μg of cell lysates per lane. After electrophoresis, the separated proteins were transferred to nitrocellulose membrane for 75 min at 110 V and blocked with 5% non-fat milk in TBS buffer for 1 h. Then, the membrane was washed with TBST buffer and incubated with primary antibodies (1:1000) overnight at 4 °C and secondary antibodies (1:2000) for 2 h at room temperature. The targeted proteins were displayed on X-ray film by using an enhanced chemiluminescence reagent. β-actin was used to confirm the equal loading and transfer of proteins. The protein expression was quantified by Quantity-One Software. Changes in the levels of protein expression were expressed as the percentage (%) of control group.

Statistical analysis {#s0009}
--------------------

All data were derived from three independent experiments and displayed as mean ± standard deviation. Statistical analysis was conducted using SPSS 13.0 software. Difference between two groups was analysed by two-tailed Student's *t*-test. The significance among three or more groups was analysed by multiple comparisons. The bars \* and \*\* represent *p* \< 0.05 and *p* \< 0.01, respectively. Bar with different letters indicate the statistical significance at *p* \< 0.05 level.

Results {#s0010}
=======

NB synergistically enhanced cisplatin-induced human glioma cell death {#s0011}
---------------------------------------------------------------------

In the present work, human glioma U87 and U251 cells were selected to evaluate the growth inhibitory effects of cisplatin and/or NB. As shown in [Figure 1(A,C)](#F0001){ref-type="fig"}, the treatment of U87 and U251 cells with 2.5--80 μg/mL cisplatin for 48 h significantly suppressed cell proliferation. Inconsistent with cisplatin treatment, results in [Figure 1(B,D)](#F0001){ref-type="fig"} showed that the changes in cell viability were minimal after the exposure of 5--80 μg/mL NB for 48 h. For the combined treatment, cisplatin-mediated cell growth inhibition was significantly enhanced by the addition of 40 μg/mL NB ([Figure 1(A,C)](#F0001){ref-type="fig"}). The combination of 40 μg/mL cisplatin with 5--80 μg/mL NB also achieved synergistic effect against U87 and U251 cells. The decrement of cell populations and appearance of cell rounding and shrinkage were also visualised by a phase-contrast microscope after cisplatin and/or NB treatment ([Figure 1(E)](#F0001){ref-type="fig"}). Despite the remarkable antiproliferative effects, the co-treatment also showed lower cytotoxicity towards HUVECs human umbilical vein endothelial cells ([Figure S1](https://doi.org/10.1080/13880209.2019.1703756)). The above evidence showed that NB synergistically enhanced the anticancer efficacy of cisplatin in human glioma cells. Due to the more sensitive of U251 cells to NB and/or DOX, U251 cell line was selected to further evaluate the underlying mechanisms of the co-treatment.

![NB enhances cisplatin-induced cytotoxicity in human glioma cells. (A-D) Cytotoxicity of cisplatin and NB towards U251 and U87 cells. Cells were treated with 0.25--80 μg/mL cisplatin and/or 5--80 μg/mL NB and cell viability was determined by MTT assay after 48 h treatment. Each value represents the mean ± SD of three independent experiments. Bars with "\*" or "\*\*" indicate the *p* \< 0.05 or *p* \< 0.01, respectively. (E) Changes in the morphology of U251 cells after indicated treatments as visualised by phase contrast microscope (magnification, 200×).](IPHB_A_1703756_F0001_C){#F0001}

NB potentiated cisplatin-induced U251 cell apoptosis with the involvement of caspases activation {#s0012}
------------------------------------------------------------------------------------------------

To validate the mechanisms of co-treatment-mediated synergistic anticancer effects, we conducted flow cytometric analysis to analyse the alternation of cell cycle progression and apoptosis. As shown in [Figure 2(A,B)](#F0002){ref-type="fig"}, the combined treatment of cisplatin and NB resulted in a notable increase in the number of apoptotic cells in comparison with the single treatment, as evidenced by the sub-diploid peaks. For example, cisplatin-mediated the accumulation of sub-G1 population was further increased from 21.3% to 59.3% by the addition of 40 µg/mL of NB for 48 h. Moreover, little alternation in cell cycle progression was observed in single or combined treatment. Hoechst33342/PI co-staining assay further confirmed co-treatment-induced U251 cells apoptosis, not necrosis ([Figure S2](https://doi.org/10.1080/13880209.2019.1703756)). Therefore, these results indicated that the co-treatment-mediated U251 cell growth inhibition was mainly caused by induction of apoptosis.

![NB potentiates cisplatin-induced U251 cells apoptosis with involvement of caspases activation. (A, B) Quantitative analysis of cell cycle distribution and apoptotic cell death were measured by flow cytometric analysis. Cells were treated with 40 μg/mL NB and/or 40 μg/mL cisplatin for 48 h. (C) Western blot analysis of active-caspase −3, −7, −9 in U251 cells after the treatment of 40 μg/mL NB and/or 40 μg/mL cisplatin for 48 h. Each value represents the mean ± SD of three independent experiments. Bars with different characters (a, b, c and d) are statistically different at *p* \< 0.05 level.](IPHB_A_1703756_F0002_C){#F0002}

Generally, apoptosis is initiated by two major mechanisms, namely, caspase-8-mediated extrinsic and caspase-9-mediated intrinsic pathways. To prove the findings mentioned above, we determined the activation of caspase family members by western blotting. As shown in [Figure 2(C)](#F0002){ref-type="fig"}, [S3](https://doi.org/10.1080/13880209.2019.1703756), the activated caspase −3, −7, and −9 were moderately increased with the treatment of 10, 20, and 40 µg/mL of cisplatin, respectively. In contrast to single treatment, the activation of caspase −3, −7, and −9 was further enhanced after the combination of 40 µg/mL of NB, which indicated the involvement of intrinsic apoptosis in co-treatment-induced U251 cell death.

NB amplified cisplatin-induced ROS generation and DNA damage signalling transduction {#s0013}
------------------------------------------------------------------------------------

ROS production was detected by measuring and visualising an oxidation-sensitive fluorescein DCFH-DA. [Figure 3(A,B)](#F0003){ref-type="fig"} showed that the intracellular ROS level was moderately enhanced by cisplatin treatment alone and further improved by co-treatment, thereby indicating the important role of NB in co-treatment-mediated ROS accumulation. Moreover, the expression levels of DNA damage-related mediators were detected by western blotting. As shown in [Figure 3(C)](#F0003){ref-type="fig"}, [S4](https://doi.org/10.1080/13880209.2019.1703756), NB treatment significantly enhanced cisplatin-induced activation of ATM, ATR, p53, and histone H2A.X. These results suggested that NB had the potential to enhance cisplatin-induced DNA damage by ROS overproduction.

![NB amplifies cisplatin-induced ROS generation and DNA damage-mediated signalling transduction in U251 cells. (A, B) NB and/or cisplatin-induced ROS accumulation in U251 cells. Cells were treated with NB (40 μg/mL) and/or indicated concentrations of cisplatin for 6 h. The levels of intracellular ROS were determined by DCF assay and was detected by visualising and measuring DCFH-DA. (C) Western blot analysis of expression levels of phosphorylated ATM, ATR, p53 and Histone H2A.X in U251 cells exposed to 40 μg/mL NB and/or cisplatin (10, 20, 40 μg/mL) for 48 h.](IPHB_A_1703756_F0003_C){#F0003}

Contributions of MAPKs and PI3K/Akt signalling pathways {#s0014}
-------------------------------------------------------

MAPKs and PI3K/Akt both regulate cell growth by balancing the phosphorylated JNK, ERK, P38, and Akt levels. Results in the present study showed that the combined treatment of cisplatin and NB significantly activated the phosphorylation of JNK, P38, and ERK ([Figure 4(A)](#F0004){ref-type="fig"}, [S5](https://doi.org/10.1080/13880209.2019.1703756)) and suppressed Akt phosphorylation ([Figure 4(B)](#F0004){ref-type="fig"}, [S5](https://doi.org/10.1080/13880209.2019.1703756)) in contrast with the single treatment. The alternation in the total proteins of MAPKs and Akt was insignificant after treatment with cisplatin and/or NB. To confirm the role of MAPK and Akt phosphorylation, we detected the effects of specific inhibitors (i.e., SP600125, SB203580, U0126, and LY294002) on the co-treatment. As shown in [Figure 4(C--E)](#F0004){ref-type="fig"}, pre-treatment of cells with 10 µM U0126 (ERK inhibitor) or 10 µM LY294002 (PI3K inhibitor) moderately changed the co-treatment-induced ERK and Akt activation and cell growth inhibition. Nevertheless, SP600125 (JNK inhibitor) or SB203580 (p38 inhibitor) exhibited minimal inhibitory effect on co-treatment-induced cell death ([Figure 4(E)](#F0004){ref-type="fig"}). These results indicated that ERK and Akt both contributed to co-treatment-induced apoptosis.

![Effects of co-treatment on MAPKs and Akt signalling pathways. (A, B) Western bolt analysis of the phosphorylation status and the expression level of MAPKs and Akt. Cells were treated with indicated concentrations of NB and/or cisplatin for 48 h. (C, D) Effects of U0126 (ERK inhibitor) and LY294002 (PI3K inhibitor) on co-treatment-induced alternation of phosphorylation status of ERK and Akt in U251 cells. Cells were pre-treated with 10 µM LY294002 or U0126 for 1 h, and co-treated with 40 μg/mL NB and 40 μg/mL cisplatin for 48 h. (E) Effects of SP600125 (JNK inhibitor), SB203580 (p38 MAPK inhibitor), U0126 (ERK inhibitor) and LY294002 (PI3K inhibitor) on co-treatment-induced cell growth inhibition. Each value represents the mean ± SD of three independent experiments. Bars with different characters (a, b, c, d and e) are statistically different at *p* \< 0.05 level.](IPHB_A_1703756_F0004_B){#F0004}

ROS inhibition attenuated co-treatment-induced apoptosis by modulation of MAPKs and Akt phosphorylation {#s0015}
-------------------------------------------------------------------------------------------------------

In the present study, antioxidant (GSH) was introduced to detect whether ROS can regulate co-treatment-induced MAPK activation and Akt dephosphorylation in U251 cells. As shown in [Figure 5(A)](#F0005){ref-type="fig"}, [S7](https://doi.org/10.1080/13880209.2019.1703756), pre-treatment of cells with 5 mM GSH significantly reduced co-treatment-induced MAPK activation and increased the phosphorylated status of Akt. The results in [Figure 5(B,C)](#F0005){ref-type="fig"} showed that co-treatment-induced U251 cell death was remarkably reversed by the addition of GSH. These results indicated that ROS, as an upstream initiator, regulates co-treatment-induced MAPKs activation and Akt dephosphorylation in U251 cells.

![Antioxidants inhibits co-treatment-induced U251 cells apoptosis by changing MAPKs and Akt activation. (A) Protective effects of GSH on co-treatment-mediated JNK, p38, ERK and Akt phosphorylation. (B) Suppression of ROS by GSH reversed co-treatment-induced U251 cell death. Cells were pre-treated with 5 mM GSH for 1 h, and then co-treated with 40 μg/mL NB and 40 μg/mL cisplatin for 48 h. Cell viability and protein expression levels were measured as described in method section. Bars with different characters (a, b, c and d) are statistically different at *p* \< 0.05 level. (C) Changes in the morphology of U251 cells after indicated treatments as visualised by phase contrast microscope (magnification, 200×).](IPHB_A_1703756_F0005_B){#F0005}

Discussion {#s0016}
==========

Human glioma is one of the most malignant and aggressive primary brain cancers with poor prognosis due to the development of drug resistance and undesirable BBB (Huse and Holland [@CIT0009]; Schaff and Lassman [@CIT0018]). As a broad-spectrum chemotherapeutic drug, the application of cisplatin in glioma treatment is still unsatisfactory. Considerable evidence showed that novel chemosensitizers could effectively improve the anticancer effects of cisplatin and reduce the undesirable adverse effects (Zhang et al. [@CIT0025]; Gong et al. [@CIT0008]; Wandee et al. [@CIT0021]; Zhou et al. [@CIT0026]). Recently, researchers have focussed on the synergistic properties of NB that can effectively improve cell permeability, open BBB, and accelerate drug distribution in tumour tissue (Cai et al. [@CIT0002]; Duan et al. [@CIT0007]; Xing et al. [@CIT0024]). The synergistic potential of NB in chemo-sensitization is being concerned. In the present study, NB has been identified as a promising chemosensitzer that could synergistically enhance the anticancer efficacy of cisplatin in the treatment of human glioma.

Induction of apoptosis and cell cycle arrest are two main modes in which chemotherapeutic drugs inhibit tumour cell growth. Cisplatin is one of the most common chemodrugs that can inhibit cancer cell proliferation by inducing caspase-mediated apoptosis (Zhang et al. [@CIT0025]). Previous studies showed the potential of NB in enhancing chemodrug-induced apoptosis (Chen, Li Su, and Chen [@CIT0004]; Chen, Li, Su, Li, et al. [@CIT0006]; Liu et al. [@CIT0011]; Meng et al. [@CIT0013]). Here, we provide convincing evidence that NB potentiated the anticancer efficacy of cisplatin through the induction of caspase-9-mediated cell apoptosis.

ROS is a critical upstream initiator in cellular signalling cascades, which modulate various cellular events, including cell growth, metastasis, and apoptosis (Apel and Hirt [@CIT0001]; Pelicano et al. [@CIT0015]). Previous studies have shown that the accumulation of intracellular ROS is closely related to NB-mediated chemo-sensitization (Zhang et al. [@CIT0025]; Chen, Li Su, and Chen [@CIT0004]; Liu et al. [@CIT0011]). Herein, our data demonstrated that the combined treatment of cisplatin with NB remarkably increased the intracellular accumulation of ROS in comparison with single treatment. Excessive ROS generation regulates DNA damage-mediated signalling transduction, including the activation of ATM/ATR and various downstream substrates (i.e., H2AX and p53) to induce apoptosis (Lloyd et al. [@CIT0012]). Results in [Figure 3(C)](#F0003){ref-type="fig"} showed that cisplatin-induced DNA damage and activation of downstream substrates (ATM/ATR, p53) were significantly enhanced by the introduction of NB. Taken together, these data indicated that ROS overproduction may play an important role in co-treatment-mediated U251 cell death.

In addition to the induction of ROS-mediated DNA damage, cisplatin-mediated cell death was regulated by MAPKs and PI3K/Akt pathways, which are major oxidative stress-sensitive kinases in most cancer cell types (Zhang et al. [@CIT0025]; Wandee et al. [@CIT0021]; Zhou et al. [@CIT0026]). The abnormal activation of MAPKs (e.g., ERK1/2, JNK, and p38) and Akt is associated with the development of drug resistance. Thus, targeting MAPKs and Akt by chemosensitizer may improve the anticancer efficacy of cisplatin. Studies have shown that NB could remarkably improve the anticancer activities of paclitaxel, selenocysteine, and curcumin by activating MAPKs and suppressing Akt (Su et al. [@CIT0020]; Chen et al. [@CIT0005]; Chen, Li Su, and Chen [@CIT0004]; Chen, Li, Su, Li, et al. [@CIT0006]; Meng et al. [@CIT0013]). The obtained data in the present study revealed that the abnormal activation of ERK and Akt contributed to co-treatment-induced apoptosis which was further confirmed by addition of specific inhibitors (U0126, LY294002). Researchers demonstrated that pre-treatment of antioxidant inhibited cisplatin- or NB-induced ROS generation and reversed ROS-mediated signalling transduction and cell death (Zhang et al. [@CIT0025]). In accord with these data, our work showed that co-treatment-mediated abnormal activation of MAPK and Akt were significantly impacted by the pre-treatment of GSH. More importantly, co-treatment-induced U251 cell killing was notably suppressed by antioxidant, indicating ROS as an upstream initiator that regulates co-treatment-induced U251 cell death and activation of MAPKs and Akt.

Conclusions {#s0017}
===========

On the basis of the above data, we described a signalling pathway for the synergistic action of NB and cisplatin in [Figure 6](#F0006){ref-type="fig"} **(**TOC Graphic). The combination of cisplatin and NB can be highly effective in achieving synergistic anticancer effect by triggering ROS-mediated oxidative damage and dysfunction of MAPKs and PI3K/Akt signalling pathways. Meanwhile, the combined strategy will be further confirmed by *in vivo* studies in the near future. NB may act as a promising apoptosis enhancer in cisplatin-based cancer treatment.

![Proposed signalling pathway triggered by NB and cisplatin in U251 cells. NB synergistically enhances the anticancer efficacy of cisplatin through induction of ROS overproduction. The accumulation of intracellular ROS activates DNA damage-mediated downstream signalling transduction and regulates pro-apoptosis MAPK family members and pro-survival kinase Akt, leading to the obvious enhancement of apoptosis.](IPHB_A_1703756_F0006_C){#F0006}
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